Background: Vascular Endothelial Growth Factor (VEGF) and Advanced Glycation End products (AGEs) have been implicated in the development of diabetic retinopathy. In this study, we examined the expression of VEGF and AGEs in the retina and serum, apoptosis in the retina, and lens opacities in streptozotocin (STZ)-induced diabetic rats.
Introduction
Vascular endothelial growth factor (VEGF) and advanced glycation end products (AGEs) play important roles in the pathogenesis of diabetic retinopathy, and advanced diabetic retinopathy is the leading cause of blindness [1] [2] [3] [4] [5] . The overexpression of VEGF in the retina causes intraretinal and subretinal neovascularization, whereas the inhibition of VEGF expression or activity inhibits retinal neovascularization 6) . In the extracellular space, as well as within the cytoplasmic compartment of retina cells, AGEs form directly from the reaction of glucose with amino groups 7) . In vivo and in vitro studies suggest that the elevated AGEs that are present in diabetes may be an important factor in the initiation and progression of retinopathy. In experimental diabetic rats, retinal pericytes accumulate AGEs, and in cultured bovine retinal pericytes, AGEs act to stimulate VEGF expression.
Furthermore, AGEs induce apoptotic cell death and neuronal degeneration in retinal explants 8, 9) . The cellular effects of AGEs are mediated by specific receptors, one of which is the receptor for AGEs (RAGE) . The presence of RAGE has been demonstrated in all cells related to the micro-and macrovascular complications 10, 11) . The present study was to examine the immunohistological localization and expression of major factors, such as VEGF, AGEs, and RAGE, in the early phase of diabetic retinopathy in streptozotocin (STZ)-induced diabetic rats, 12 weeks after the induction of diabetes. Furthermore, the relationship between serum VEGF levels and increased serum AGEs levels was investigated. Apoptotic cell death in the retina was assessed using the TUNEL assay and the lens opaque density of STZ-induced diabetic rats was also measured.
Materials and Methods

Animals
Healthy male Sprague-Dawley rats ( 
Induction of Diabetes
A single dose of STZ (60 mg/kg, i.p) was used to induce type 1 diabetes in the rats. Age-matched normal rats received an equal volume of vehicle (0.01 M citrate buffer, pH 4.5). Two days after the injection, the blood glucose levels were measured using blood samples obtained from the tail vein rats with a blood glucose level over 300 mg/dL were labeled as STZ-induced diabetic rats.
Serum Glucose Levels and Other Parameters
Drinking water and food consumption per 24 h were measured once a month. One day before autopsy, the animals were fasted for at least 15 h, and they were then anesthetized with ethyl ether. The final body weight and eyeball weight were measured immediately before blood collection. The fasting serum glucose was determined using the hexokinase method 12) .
Immunohistochemical Staining
The eyes were collected for histopathologic examination 12 weeks after the induction of diabetes. In brief, the eyes were preserved in 4% paraformaldehyde at room temperature for 24 h, embedded in paraffin, and sectioned (3 μm). intensities in agarose gels and quantitated with densitometry (Las-3000, Fujiphoto, Tokyo, Japan).
TUNEL Assay
The 
Analysis of Lens Opacification
Results
Serum Glucose Levels and Other Parameters
Twelve weeks after the induction of diabetes by STZ, there was a significant difference between the normal rats and the diabetic rats in body weight, eyeball weight, and serum glucose levels. The intakes of water and food were markedly increased in the diabetic rats (Table 1) .
Localization of VEGF in the Retina and the
Expression of VEGF in the Serum of
STZ-induced Diabetic Rats
Twelve weeks after the induction of diabetes, the changes in the thickness of the retinal layers were not marked in the STZ-induced diabetic rats (Fig. 1A) . Figure 1B shows VEGF-positive cells detected by immunohistochemistry in the retinas of the diabetic and the normal control rats.
Very few VEGF-positive spots were present in the ganglion cell layers (GCL) and inner nuclear layers (INL) in the normal control rat retina. However, the VEGF -positive area was increased in the GCL and INL of the diabetic rats ( Fig. 1B, b' and b'') . The VEGF mRNA:
β-actin mRNA ratio in STZ-diabetic rats was increased 2.57 fold (P < 0.01) compared with control rats (Fig. 1D ).
Serum VEGF levels were also significantly increased in the diabetic rats compared to the normal control rats (Fig. 1E) . 
Localization of AGEs and RAGE in the
Retina and the Accumulation of AGEs in the Serum of STZ-induced Diabetic Rats
The localization of AGEs and RAGE in the retinas was examined using double-immunofluorescence staining ( Fig.   2A ). The immunoreactivity of AGEs in retinal GCL
(indicated by arrows) and INL (indicated by arrowheads)
was increased in the retina of the diabetic rats ( Fig. 2A,   b ) compared to the normal control rats ( Fig. 2A, a) .
However, there was no significant difference in RAGE expression between the two groups ( Fig. 2A, a' and b' ).
Serum AGEs levels were significantly increased in diabetic rats compared to normal control rats (Fig. 2B ).
Correlation between Serum VEGF and AGEs Levels
To examine the correlation between serum VEGF and AGEs levels, serum was collected from normal control rats and diabetic rats, and the levels were measured using ELISA. Figure 3 shows that there was a highly significant correlation between serum VEGF and AGEs levels (p=0.012) in both normal control and STZ-induced diabetic rats. The present study is the first to report that there is significant correlation between serum VEGF and AGEs levels in normal control and STZ-induced diabetic rats (r = 0.504).
Apoptosis in the Retinal Ganglion Cell Layer in STZ-induced Diabetic Rats
To identify apoptotic cell death in the retina affected by diabetes, whole retinas were reacted with TUNEL.
Twelve weeks after the induction of diabetes, TUNEL -positive cells were observed in the GCL, and a large number of apoptotic ganglion cells were present in the retinas of STZ-induced diabetic rats (Fig. 4b ).
Onset and Progression of Cataract in
STZ-induced Diabetic Rats
The onset of cataract was observed macroscopically after 7 weeks. Seven to eight weeks after the induction of diabetes by STZ injection, all lenses showed cataract formation. These results suggest that STZ-induced diabetic rats at 9~10 weeks after STZ-injection are suitable for screening drugs for the treatment of experimental diabetic cataract.
Conclusion
Our results demonstrated that expression of VEGF and accumulation of AGEs were significantly increased in the GCL and NCL of STZ-induced diabetic rats compared to normal control rats and a large number of apoptotic ganglion cells were present in the retinas of STZ-induced diabetic rats. In addition, serum VEGF and AGEs levels were also increased significantly in STZ-diabetic rats and there was a significant correlation between the serum VEGF and AGEs levels. The lens opaque density of STZ-induced diabetic rats was significantly higher than in normal rats.
Among the growth factors involved in diabetic retinopathy, VEGF is the major mediator of retinal angiogenesis and is a 46 kDa homodimer glycoprotein with vasopermeability 5) . VEGF binds to cell surface tyrosine kinase receptors, such as VEGFR-1 (Flt-1) and 15) . A slightly increased RAGE expression has been observed in the retinal vessels of hyperglycemic and hyperlipidemic mice 16) . Hyperlipidemia is related to the severity of diabetic retinopathy 17) . AGEs induce VEGF expression in cell culture and animal models, being considered to be involved in development of diabetic retinopathy 8, 18, 19) . Our previous study showed that high glucose or AGEs induce VEGF protein and mRNA expression in human retinal pigment epithelial cells 14) . The vitreous levels of AGEs and VEGF are significantly higher in patients with diabetic retinopathy than in control subjects and there is a significant correlation between the vitreous AGEs and VEGF levels 18, 19) . Recent study provides evidence that VEGF not but inflammatory factors such as IL-6, the cell adhesion molecules intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM) play a role in the pathogenesis of diabetic retinopathy 20) . AGEs, toxicity is directly responsible for retinal neurodegeneration, and therefore, contributes to the early pathological mechanisms of diabetic retinopathy 8, 9) .
A recent report showed that AGEs levels in diabetic cataractous lenses increased compared with senile cataractous lenses and clear lenses 21) . The relationship between the lenses' AGEs content and opacity indicates that advanced glycation plays a pivotal role in cataract formation 22) .
AGEs inhibitor such as pyridoxamine inhibit AGEs formation in diabetic lens 23) . This result suggest that the visual loss associated with diabetic retinopathy and cataract could be attributed to increased serum VEGF and AGEs levels in STZ-induced diabetic rats. Furthermore, STZ-induced diabetic rats could be used as an animal model for studying pathology of retina and lens, and for testing candidate drugs for the treatment of diabetes -related ocular disease, especially lens opacity.
Summary
Expressions of VEGF and AGEs were increased in the GCL and INL of the retina in STZ-induced diabetic rats.
Serum VEGF and AGEs levels were also increased in STZ-induced diabetic rats, and the serum VEGF and
AGEs levels showed a strong correlation. Twelve weeks after the induction of diabetes by STZ injection, retinal GCL apoptosis and lens cataracts were observed.
